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IjBaRibosomal protein S3 (RPS3) is part of nuclear, transcriptionally active and cytoplasmic inhibitory
complexes containing NF-jB variant p65.
We show that in resting HEK293 cells, RPS3 interacts with NF-jB inhibitor IjBa. In contrast, efﬁcient
co-precipitation of p65 with RPS3 was only achieved in the presence of ectopic IjBa. In addition, a
strong in vitro interaction was observed between RPS3 and IjBa, while binding between RPS3 and
p65 was very weak. Furthermore, IjBa facilitated the reconstitution of p65 and RPS3 into one com-
plex in vitro.
Our results suggest that IjBa sequesters not only p65 but also RPS3 in the cytoplasm. This would
ensure maintenance of an RPS3 pool for the NF-jB pathway as well as equimolar release of RPS3
and p65 upon stimulation.
Structured summary of protein interactions:
RPS3 physically interacts with p65 and I kappa B-alpha by anti tag coimmunoprecipitation (View inter-
action)
RPS3 and I kappa B-alpha physically interact with p65 by pull down (View interaction)
I kappa B-alpha physically interacts with RPS3 by anti tag coimmunoprecipitation (1, 2, 3)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction integral component of speciﬁc NF-jB complexes is the ribosomalNF-jB is a major cellular regulator controlling the inducible
expression of many genes, in particular those involved in immune
response. The mammalian NF-jB subunit proteins p65 (RelA),
RelB, c-Rel, p50, and p52 form homo- and heterodimers, with the
p65–p50 heterodimer being the most abundant species. NF-jB is
regulated by speciﬁc inhibitory proteins termed inhibitors of NF-
jB (IjBs). The major inhibitor of p65–p50 NF-jB is IjBa [1]. IjBs
interact with NF-jB through their ankyrin-repeats, thereby shield-
ing a nuclear localization signal (NLS) of NF-jB, resulting in cyto-
plasmic sequestration. Activation of NF-jB occurs upon speciﬁc
stimuli, which trigger phosphorylation of IjBs by the IjB kinase
(IKK). This in turn leads to ubiquitylation and subsequent prote-
asomal degradation of IjB. Liberation of NF-jB from IjB unmasks
the NLS of NF-jB, allowing nuclear import of NF-jB, its binding to
target gene promoters and subsequent transcriptional activation.
For recent reviews on NF-jB and its regulation see [1–3].
A multitude of regulators of NF-jB have been characterized and
many of them at least transiently associate with NF-jB [4]. Anprotein S3 (RPS3). RPS3 was isolated as an interaction partner of
p65 by tandem afﬁnity puriﬁcation. [5]. Immunoprecipitation of
RPS3 from resting Jurkat cells resulted in co-puriﬁcation of p65.
NF-jB inhibitor IjBa and NF-jB subunit protein p50 were also de-
tected in the precipitate, suggesting that RPS3 is a component of
cytoplasmic inhibitory complexes containing p65, p50 and IjBa.
However, it is currently assumed that the interactions of RPS3 with
p50 and IjBa are indirect and actually mediated by p65 [5]. Upon
stimulation of the NF-jB pathway and IjBa degradation, RPS3 is
imported into the nucleus parallel to, but independent of p65
[5,6]. Nuclear translocation of RPS3 is mediated by importin alpha
after phosphorylation of a serine residue in the C-terminal tail of
RPS3 and can be blocked by competition with truncated p65-frag-
ments comprising residues 21–186 [6,7]. These N-terminal amino
acids were shown to be required for co-precipitation with RPS3
[5]. In the nucleus, RPS3 binds in complex with p65 containing
NF-jB dimers to speciﬁc target gene promoters. Thereby, RPS3 dra-
matically increases the binding efﬁciency of NF-jB to DNA, pro-
moting the efﬁcient expression of a speciﬁc subset of NF-jB
target genes [5].
Here we show that RPS3 interacts with IjBa both in immuno-
precipitations from resting HEK293 cells and in pull-downs with
recombinant proteins expressed in Escherichia coli. Therefore, in
contrast to the current view, RPS3 engages in a direct interaction
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with RPS3 is only achieved in the form of a p65-IjBa–RPS3 com-
plex with IjBa presumably serving as a bridging factor. We pro-
pose that IjBa functions in sequestering both p65 and RPS3 in
the cytoplasm. This would allow the release of p65 and RPS3 fol-
lowing stimulation and IjBa degradation and their independent
yet parallel translocation into the nucleus.2. Materials and methods
All ﬁgures displayed in this paper show representative results of
at least three experiments.
2.1. Cell culture and transfection
HEK293 cells were cultured in Dulbecco’s Modiﬁed Eagle Med-
ium with 4.5 g/l glucose (Gibco, Life Technologies) containing 10%
fetal calf serum, 100 U/ml Penicillin and 100 lg/ml Streptomycin
(Gibco, Life Technologies). Transient transfection of DNA constructsFig. 1. RPS3 interacts with the NF-jB inhibitor IjBa. (a) Ribosomal protein S3 is highly co
(H. sapiens), Saccharomyces cerevisiae (S. cerevisiae) and Thermus thermophilus (T. thermop
identical in all three species are marked in purple. The blue bar underlines residues belon
(b) IjBa interacts with RPS3 and facilitates the co-precipitation of p65 with RPS3. HEK29
and 3xHA-IjBa. Cells were lysed after 24 h and Western blots were performed directly (
anti-His, and anti-Flag antibodies. (c) HEK293 cells were co-transfected with RPS3-Flag a
cells were lysed and Western blots were performed directly (input) or after immunoprecontaining human p65, IjBa and RPS3 genes was performed with
the transfection reagent Metafectene (Biontex) according to the
manufacturer’s protocol.
2.2. Immunoprecipitation
HEK293 cells were lysed on ice with lysis buffer (50 mM Tris/
HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P40 Substi-
tute, 5% Glycerol, FY Protease inhibitor mix (Sigma)) for 10 min.
Cell lysates were centrifuged at 13000 rpm and 4 C for 15 min to
remove insoluble material. Protein concentrations were normal-
ized using the PierceBCA Protein Assay and immunoprecipitation
of RPS3-Flag was performed under rotation for 2 h at 4 C with
ANTI-FLAG M2 afﬁnity gel (Sigma). For immunoprecipitation of
IjBa-HA with ANTI-HA Agarose (Thermo Scientiﬁc), normalized
amounts of lysates were ultra-centrifuged at 200000g and 4 C
for 1 h to remove ribosomal contaminations and pull-down
from the supernatants was carried out under rotation for 2 h at
4 C. Beads were then washed four times with lysis buffer,
twice with washing buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl,nserved among eukaryotes. Multiple sequence alignment of RPS3 from Homo sapiens
hilus). Residues identical in two different species are marked in light blue and those
ging to the N-domain, the red bar the C-domain and the green bar the C-tail of RPS3.
3 cells were transfected with the indicated tagged constructs: RPS3-Flag, p65-6xHis
input) or after immunoprecipitation with anti-Flag agarose (IP: Flag) using anti-HA,
nd IjBa-HA or transfected with RPS3-Flag alone as a negative control. After 24 h the
cipitation with anti-HA agarose (IP: HA) using anti-HA and anti-Flag antibodies.
Fig. 2. RPS3 directly interacts with IjBa. 6xHis-RPS3 was expressed alone or co-expressed with either Flag-p65(1–311) or Flag-IjBa in E. coli cells. Following cell lysis, Flag-
puriﬁcation of Flag-IjBa and Flag-p65(1–311) was performed. 6xHis-RPS3 was incubated with anti-Flag agarose as a negative control. The presence of the proteins in the
input and the eluate fractions was analyzed by SDS–PAGE and Coomassie staining (top) or by Western blotting (WB, lower four panels) with anti-His, anti-IjBa and anti-p65
antibodies. While signiﬁcant amounts of RPS3 co-puriﬁed with Flag-IjBa, very little RPS3 co-puriﬁed with Flag-p65(1–311).
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the beads in sample buffer containing SDS and DTT for 10 min
at 95 C.
2.3. Plasmids
pCMV4-3-HA/IjB-alpha (Addgene plasmid 2198) was obtained
from Addgene thanks to the generous donation by Warner Greene
[8]. pCMV6-RPS3-Myc/DDK was acquired from OriGene. pCMV6-
p65-6xHis was constructed by digestion of pCMV6-RPS3-Myc/DDK
with SgfI and XhoI and cloning of p65-6xHis into the vector
backbone. IjBa-HA was integrated into the pCMV6-Myc/DDK
backbone using the restriction enzymes SgfI and MluI. pETDuet
expression plasmid (Novagen) was used for single expression of
Flag-IjBa, Flag-RPS3 and 6xHis-RPS3 and co-expression of
6xHis-RPS3 with Flag-p65(1–311) and 6xHis-RPS3 with Flag-IjBa
and truncations thereof in E. coli. The vector backbone pet24d-
GST-TEV used for expression of p65(1–311) was kindly obtained
from Ed Hurt.
2.4. Expression of recombinant human proteins in E. coli BL21
Expression of GST-TEV-p65(1–311), 6xHis-RPS3, Flag-RPS3,
Flag-IjBa as well as co-expression of 6xHis-RPS3 with Flag-
p65(1–311) and 6xHis-RPS3 with Flag-IjBa was performed in a
BL21 (DE3) Rosetta STAR E. coli strain. Cells were cultured in LB-
media at 30 C to an OD600 of 0.3. Protein expression was induced
with 0.2 mM IPTG and cultures were shifted to 16 C for 24 h. Cell
pellets were resuspended in lysis buffer (50 mM Tris/HCl, pH 7.5,
150 mM NaCl, 0.5% Nonidet P40 Substitute, (10 mM imidazole
for His-tag puriﬁcation), HP Protease inhibitor mix (Sigma)) and
lysed by sonication.
2.5. Puriﬁcation of recombinant human proteins from E. coli BL21
Cell lysates were centrifuged at 40000g and 4 C for 30 min to
remove insoluble material and supernatants were incubated for
one hour under rotation at 4 C with either Ni-NTA-agarose (Qia-
gen) or ANTI-FLAG M2 afﬁnity gel (Sigma). Beads were then
washed three times with washing buffer (50 mM Tris/HCl, pH
7.5, 150 mM NaCl, 0.05% Nonidet P40 Substitute, (10 mM imidaz-
ole for His-tag puriﬁcation)) and eluted under rotation for 15 min
at 4 C with 300 mM imidazole or for 45 min at 4 C by competition
with FLAG Peptide (Sigma).2.6. In vitro reconstitution assay
GST-TEV-p65(1–311) was puriﬁed with Glutathione-agarose
(Sigma) and cleaved from the beads and liberated from the
GST-tag by incubation with the TEV-protease. The Flag-IjBa-
6xHis-RPS3 complex was puriﬁed via His-tag puriﬁcation of
6xHis-RPS3 followed by binding of the His-eluate to ANTI-FLAG
M2 afﬁnity gel (Sigma). The immobilized Flag-IjBa-6xHis-RPS3
complex as well as anti-FLAG agarose bound Flag-IjBa and anti-
FLAG agarose bound Flag-RPS3 were incubated with an approxi-
mately threefold molar excess of p65 or with buffer containing
TEV-protease (control). Following washing of the beads in washing
buffer, bound proteins were eluted by competition with FLAG
Peptide (Sigma).
2.7. SDS–PAGE and Western blot
For the domain mapping, samples were separated on Nupage
SDS 4–12% gradient polyacrylamide gels (Invitrogen). 12% SDS–
polyacrylamide gels were used for all other experiments. The fol-
lowing antibodies were applied for Western blot analysis: anti-
His HRP-conjugated antibody (1:10000, Sigma), anti-p65 antibody
(1:500, Santa Cruz), anti-Flag HRP-conjugated antibody (1:10000,
Sigma), anti-HA HRP-conjugated antibody (1:5000, Roche), anti-
IjBa HRP-conjugated antibody (1:200, Santa Cruz), secondary
anti-rabbit HRP-conjugated antibody (1:15000, Sigma). Proteins
were detected with an enhanced chemiluminescence detection
kit (ECL; GE Healthcare).
3. Results
3.1. RPS3 interacts with the NF-jB inhibitor IjBa
RPS3 is highly conserved from yeast to humans (Fig. 1a), with
both sequences sharing 66% identity and 78% similarity. We have
previously shown that yeast Rps3 interacts with a small ankyrin-
repeat protein Yar1 [9]. Due to the involvement of human RPS3
in the NF-jB pathway and shared ankyrin-repeat domains found
in Yar1 and IjB proteins, we hypothesized that human RPS3 inter-
acts with IjBa. To explore this, we transfected HEK293 cells with
combinations of tagged human IjBa, p65 and RPS3 constructs.
While immunoprecipitation of RPS3 resulted in co-precipitation
of IjBa, we were unable to detect substantial amounts of p65
co-precipitating with RPS3 (Fig. 1b). p65 was however easily
Fig. 3. The C-domain of RPS3 is necessary and sufﬁcient for direct binding to the ankyrin-repeats of IjBa. (a) Diagram of full-length RPS3 and truncations thereof used for
domain mapping shown in (c) and structure of Homo sapiens RPS3 ([16], PDB: 3J3A). The N-domain of RPS3 comprising amino acids 1–91 is marked in blue. The C-domain of
RPS3 is shown in red and constitutes amino acids 91–199. The C-terminal 44 residues (amino acids 199–243) form an unstructured extension and are colored in green. The N-
domain of RPS3 contains a type II KH domain, which is marked with a black bar and spans from amino acids 6–91 [17]. (b) Diagram of full-length IjBa and the truncated
variant used for the domain mapping experiment shown in (c). SRD: signal recognition domain. PEST: PEST sequence. The ankyrin-repeat domain of IjBa consists of six
ankyrin-repeats (1–6). (c) The C-terminal part of RPS3 is sufﬁcient for interaction with IjBa. Combinations of full-length 6xHis-RPS3 and respective truncations were co-
expressed in E. coliwith full-length Flag-IjBa and Flag-IjBa(67–302). Following cell lysis, Flag-puriﬁcation of Flag-IjBa or Flag-IjBa(67–302) was performed. Input fractions
(left) and eluates (right) were analyzed by SDS–PAGE and Coomassie staining (top) or by Western blotting (WB, lower two panels) using anti-His and anti-Flag antibodies.
While the N-domain of RPS3 (amino acids 1–91) does not co-purify with IjBa, the C-terminal region of RPS3 co-puriﬁes with both full-length IjBa and the ankyrin-repeats of
IjBa. The minimal domains of both proteins required for interaction are RPS3(91–199) and IjBa(67–302).
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neously with RPS3, p65 and IjBa constructs (Fig. 1b). Further,
immunoprecipitation of IjBa resulted in co-precipitation of RPS3
(Fig. 1c). Hence, contrary to previous opinion, our data suggest that
RPS3 and IjBa directly interact in resting cells. Consequently, an
inhibitory complex between RPS3, p65 and IjBa could be formed
by direct interaction between RPS3 and IjBa.3.2. The C-terminal region of RPS3 directly binds to the
ankyrin-repeats of IjBa
To test whether RPS3 binds directly to IjBa and/or p65, we per-
formed in vitro pull-down studies using recombinant proteins ex-
pressed in E. coli. As recombinantly expressed full-length p65 is
largely insoluble ([10] and data not shown), we used a truncated
Fig. 4. RPS3, IjBa and p65 form a complex together. (a) Experimental schema of binding assay shown in (b). The immobilized IjBa–RPS3 complex as well as immobilized
Flag-IjBa, Flag-RPS3 or anti-FLAG agarose alone () were incubated with recombinant p65(1–311) or buffer containing the TEV protease for 90 min. Following extensive
washing, bound proteins were eluted from the beads. (b) RPS3, IjBa and p65 can be reconstituted into one complex. A binding assay was performed as demonstrated in (a).
Flag eluates were analyzed by SDS–PAGE and Coomassie staining (upper part) or byWestern blotting (WB, lower four panels) with anti-His, anti-Flag and anti-p65 antibodies.
Unlabeled bands in the eluate from the Flag-RPS3 puriﬁcation in the Coomassie stained gel are contaminations co-purifying with RPS3 in the absence of speciﬁc interaction
partners. ST, protein standard. The ﬁrst lane shows the input of recombinant p65. When all three proteins are present, a p65–IjBa–RPS3 complex is formed (lane three).
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the C-terminal transactivation domain of p65. This truncation con-
tains the region of p65 previously shown to be required for co-
immunoprecipitation of RPS3 [5]. Strikingly, pull-down of IjBa re-
sulted in co-puriﬁcation of signiﬁcant amounts of RPS3 (Fig. 2).
However, very little RPS3 co-puriﬁed with p65(1–311). These data
clearly demonstrate a strong direct interaction between RPS3 and
IjBa. In contrast, the weak binding of RPS3 to p65 suggests that
these two proteins engage in a rather transient interaction.
RPS3 is composed of two similar N- and C-terminal domains
containing a-helices and b-sheets, followed by a C-terminal
unstructured extension (C-tail) (Fig. 3a). The IjBa protein is com-
prised of an N-terminal signal recognition domain, a central anky-
rin-repeat domain constituting six ankyrin-repeat motives and a C-
terminal PEST sequence (PEST) (Fig. 3b). To identify the regions of
RPS3 and IjBa required for interaction, we carried out domain
mapping with truncated variants of both proteins co-expressed
in E. coli (Fig. 3a–c). The N-domain of RPS3 (amino acids 1–91)was unable to bind to IjBa. Although expression levels of the
RPS3 fragments lacking the N-domain were much lower, still both
RPS3(91–243) comprising the C-domain and the C-tail and
RPS3(91–199) interacted with IjBa and the truncation IjBa(67–
302). We conclude that although other regions of both proteins
may contribute to some extent to binding efﬁciency, the minimal
domains sufﬁcient for interaction are IjBa(67–302) and the C-do-
main of RPS3 (amino acids 91–199).
3.3. RPS3, IjBa and NF-jB form a complex in vitro
Considering we did not observe strong direct binding between
RPS3 and p65, we asked whether the previously described interac-
tion between RPS3 and p65 in resting cells may actually be facili-
tated by IjBa. Therefore we tested whether a complex between
all three proteins can be reconstituted in vitro (Fig. 4a and b). Incu-
bation of the puriﬁed IjBa–RPS3 complex with recombinant p65
resulted in formation of a complex between all three proteins
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puriﬁed RPS3 alone was incubated with p65. We therefore con-
clude that IjBa bridges the interaction between p65 and RPS3.
4. Discussion
Besides being a structural constituent of the ribosome, ribo-
somal protein S3 also bears a key function in the NF-jB pathway
and was proposed to directly interact with p65 both in transcrip-
tionally active, nuclear NF-jB complexes in stimulated cells and
in cytoplasmic inhibitory complexes in resting cells [5,6].
In the present study we have identiﬁed a strong direct interac-
tion between RPS3 and the NF-jB inhibitor IjBa. The interaction is
mediated by the ankyrin-repeats of IjBa and the C-domain of
RPS3. Under our experimental conditions, binding of RPS3 to IjBa
is much stronger than binding of RPS3 to p65. Therefore we sug-
gest that the previously reported interaction between RPS3 and
p65 in resting cells is mainly facilitated by IjBa, possibly with
minor contributions from p65. Such architecture of an inhibitory
p65-IjBa–RPS3 complex would enable the release of p65 and
RPS3 either as independent proteins or as easily dissociable com-
plex upon IjBa degradation. This would explain the previous
ambiguity as to why p65 and RPS3 enter the nucleus indepen-
dently and not as a complex [5].
RPS3 was shown to bind to target gene promoters together with
p65. As IjBa is not regularly present in transcriptionally active NF-
jB complexes, there must be a separate, IjBa independent mode
to bring p65 and RPS3 together under stimulated conditions. A re-
cent study reported that p65 is sulfhydrated at cysteine 38 upon
TNF-a stimulation of the anti-apoptotic NF-jB pathway. This mod-
iﬁcation is important for RPS3 binding [11]. Although it has not
been shown whether Cys-38 sulfhydration is sufﬁcient for direct
interaction between p65 and RPS3, it is conceivable that this, and
also other post-translational modiﬁcations in either partner render
the two proteins interaction competent. In addition, the interaction
between p65 and RPS3 may only occur upon binding to the target
DNA sites and/or joining of p65 and RPS3 into transcriptionally ac-
tive complexes may be mediated by additional protein binding
partners.
Finally, the question remains as to what function the interaction
between RPS3 and IjBa may have. Besides its role in the NF-jB
pathway, RPS3 is an essential structural component of 40S ribo-
somal subunits and therefore a substrate of the ribosome biogene-
sis pathway, in which RPS3 is imported into the nucleus and then
incorporated into pre-ribosomal particles [9,12,13]. Furthermore,
RPS3 has additional nuclear functions, for example as an endonu-
clease involved in DNA repair [14,15]. The competition with these
important cellular processes requires a mechanism to maintain en-
ough RPS3 for the NF-jB pathway. We propose that cytoplasmic
sequestration of RPS3 by IjBa ensures that under conditions lead-
ing to the release of NF-jB, RPS3 is provided in equimolar amounts
and can be targeted to its function in transcription activation.Acknowledgments
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